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1. Introduction

The Center for Astronomical Adaptive Optics has as its mission the development of
techniques for high-resolution imaging and spectroscopy on the new generation of large
ground based telescopes. Both DOD and civilian astronomical communities benefit from
the advances made. This report serves as the final technical and progress report for the
AFOSR Grants F49620-96-1-0366, F49620-99-1-0285, and F49620-1-0294. This report
describes the work that has been conducted during the course of these grants, with the
main emphasis on the primary effort, the construction of a powerful new kind of adaptive
optics system, using an adaptive secondary mirror and a sodium laser guide beacon for
the Multiple Mirror Telescope facility. The system will shortly be installed at the 6.5m
telescope recently refurbished by the University of Arizona and the Smithsonian
Institution. The telescope is nearing the end of the conversion process on Mt. Hopkins in
southern Arizona, and when operated with adaptive optics, will become a unique and
state-of-the-art tool for imaging with unprecedented quality and clarity.

2.  Status of the 6.5m Telescope

The new telescope uses a 6.5 m diameter spin-cast borosilicate primary mirror, cast and
polished in the Steward Observatory Mirror Lab. The installation of the telescope is
complete -- the mirror cell was put in place on August 6, 1998 and the primary mirror
was successfully installed on March 25, 1999.
The first fixed secondary mirror was installed
in the telescope in early May 2000. First light =~ N3
at Cassegrain focus was achieved on May 17, gl
2000. The image quality exceeded all
expectations. The telescope was dedicated on
May 20, 2000.

At the present time, work continues on
characterizing the active primary mirror
supports, and to implement the active mirror
cooling system. The facility is now conducting  Figure 1: The 6.5m MMT Facility
scientific operations and is preparing for the

integration of the adaptive secondary in Fall 2001.

3. Overview of the 6.5m Adaptive Optics System

The block diagram of the MMT AO system is shown in Figure 2. The major building
blocks are the following:
e Deformable secondary mirror with local electronics securing quick and stable
deformation control;
e Top Box containing all the necessary optics, electronics and mechanical actions
for fast and reliable wave-front sensing;
e Wave-front (reconstructor) computer, a custom built hardware and software for
high speed matrix operations;
e Laser beam projector system to generate an artificial “star” in the Na layer of the
atmosphere;
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e ARIES science instrument, including a high-resolution imager, spectrograph, and
an additional IR camera (the IR tip-tilt sensor) to detect the global tilt of the
incoming beam.

|
1
|
|
|
|
{
i
| én&%gtdln
I NG || Bt [T el ELECTRO
| / ! :ﬂ: i MECHANICAL
| 0| | HT
: COOUNG LINES i Il ’,‘
— ' Hh
; L) | [ i
I
| [So—— L
| acruatons we rerorence puae| R
l : v
| M | TN
| ST Rty P\ | HER
| /7 \ | \\ | Il i
i /0 I \ i 1’ (I
ETHERNET \ / \ ) . i ”, “ \‘
' // ! ! \ | T
| \ ! \ |
! 1! 1
Te.escoee | ! \\ II \ ' 1! —
k= o/ ‘ f o B e
= L/ \ ’ N\t ,’ ] (]
- ‘ ! vl ! PUPIL
b ! / v ', DIAGNOSTICS
|/ \ / \ ,‘l
/ \ ! Y |
\ I ,'
\ / I'
1 weence 6.5 METER T T ,‘
PRIMARY v %——--
MIRROR \‘ ‘l l\ ELEVATION AXIS
ms | —— ,
| oo oo \ | | eectro-uecn :
Vi
ATV | i \ 0 \
0y T '
— __——L_—— N Laser
ARIES
ELECTRO -
e  MECHANICAL
DEVICENET
- LASER

Figure 2: The block diagram of the MMT adaptive optics system as it will be when fully implemented

After reflection from the primary mirror, aberrations in the infrared wavefront are
corrected at the deformable secondary, and the compensated beam is reflected to the
Cassegrain focus. Here, a dichroic beamsplitter allows infrared light > 1 micron to pass
into the ARIES high-resolution infrared imager and echelle spectrograph. Visible light is
reflected upward into the so-called "top box". This contains all the optics and detectors
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for measuring the instantaneous wavefront distortion. Readout from the wavefront sensor
is used by a fast matrix multiplier hosted in a VME rack to compute corrections to the
secondary mirror actuators

4.  Subsystems Status

Construction of the adaptive optics system for the 6.5 m MMT conversion telescope was
and remains the major focus of effort by the CAAO team. We summarize here the current
state of the project at the end of the grant funding cycle. Four main components comprise
the AO system:

1) Deformable Mirror;
2) Top Box which houses the wave-front sensor (WFS);
3) Wave-front reconstructor computer;

4) Tip/Tilt science instrument (ARIES).

The WFS and associated optics measure the optical distortion imposed by the
atmosphere. Output from the WFS is read by the reconstructor computer which then
derives and sends commands to the deformable secondary mirror to make appropriate
corrections. Finally, ARIES, which is interfaced to the Top Box, records the high
resolution images and spectra possible with the corrected telescope.

With AFOSR funding, the system construction phase at Steward Observatory in Tucson
and Media Lario in Milan is completed. Presently, all of the major subsystems are being
tested at Steward Observatory

4.1 Description of the Adaptive Secondary Mirror System

A critical advance has been the development of manufacturing methods for the very steep
convex asphere of the secondary to very high optical quality, and yet only 2 mm thick.
This has required new technology, developed at Steward Observatory Mirror Lab with
support from this AFOSR grant, and now extended by us in a program to develop large
very light weight mirrors for space-based applications.

The MMT AO system is the first to take advantage of the high photon efficiency and very
low thermal background offered by an adaptive secondary mirror, seen in an exploded
schematic view in figure 3. Figure 4 shows a photograph of the secondary in the lab in
Tucson. Figure 5 shows the excellent figure of the fully corrected optical surface. The
mirror has very recently been installed in the final optical system, and its performance
has been tested by commanding its actuators to follow a simulated wavefront aberrated
by Kolmogorov turbulence. The result for a single actuator is shown in figure 6. The
commanded position is plotted together with the residual error - the difference between
the commanded position and the achieved position, as measured by the internal
capacitive sensors that monitor the mirror’s shape at 40 kHz.
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Figure 3: Anatomy of the deformable secondary
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Figure 4: Photograph of the first adaptive secondary, intended for the 6.5 m MMT
telescope. The front surface had not yet been aluminized, so the 336 actuators are visible
as dark circles through the thin deformable shell

Figure 5: Computed residual error after corrections from applied 336 actuators at 30
mm spacing. The Left image shows 8 nm rms surface quality. The Image on the right
is a synthetic interferogram at 633 nm
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Figure 6: Performance of the adaptive secondary mirror when commanded to follow a
simulated Kolmogorov wavefront

4.2 The Wave-front Sensor and Top Box

In 2000, the top box underwent a significant transformation. The prototype aluminum
optical table was removed and replaced with a much stronger, stiffened cast aluminum
plate. With the increased strength gravity induced flexure is dramatically reduced. The
optical table design accommodate the 4 infrared instruments envisaged to be mounted at
the Cassegrain focus of the 6.5 m telescope: 1) ARIES; 2) MIRAC, a K-band, L-band,
and 10 pm imager; 3) BLINC, a 10um nulling interferometer; 4) IRIS, a 10-18 pm
imaging spectrograph.
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Figure 7: AO System Top Box

The wave front sensing optics have been fitted and aligned including the wavefront
sensor (WFS). The assembly, alignment, and testing of the visible light wavefront
shifting interferometer (PSI) used to characterize the wave front injected in the wave
front sensing optics was completed in the fall of 2000. The PSI enables characterization
of the visible wavefront downstream of the turbulence generator plates prior to
interaction with the deformable secondary mirror. These measurements have established
that the equivalent 1o of a single turbulence generator plate is 0.24m.

Initially, a solid spherical secondary mirror was used to align and characterize the top-
box and the test bench. In the fall of 2000, the aspherical thin shell (the aspherical thin
shell will be the optical surface of the adaptive secondary) was installed in the prototype
optics bench while still on its manufacturing blocking body. In the Fall and Winter of
2000-2001, the complete system was re-aligned. This step was critical in verifying the
optical set-up in the "on-telescope" configuration" and our ability to properly align the
system.

Considerable effort has been applied in acquiring a thorough comprehension of the test
set-up alignment, in order to illuminate the WFS with a clean wavefront.

A wavefront reconstuctor using 100 Zernike polynomials has been built to produce an
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estimation of the phase from the wave front sensor raw signal. This phase has been
compared to the phase measured by the interferometer, in 3 cases: no turbulence plate,
one and two turbulence plates in the beam. The results are presented in the following
table.

Table 1: Phase Measurement of Wavefronts

Phase No turbulence 1 turbulence 2 turbulence
Measurement plate [nm rms] plate [nm rms] | plates [nm rms]
PSI 490 550 700

WES 620 690 770

Phase difference | 230 270 370

(WES - PSI)

Clearly, in an ideal case we would expect the phase measured by the 2 wavefront sensing
to be equal. The difference is due to some non-common path aberrations (the WES beam
undergoes 5 reflections after the beam feeding the PSI is extracted) and in particular a
pupil magnification error. This error is not a concern for the Adaptive Optics system
because the PSI is not part of it and the important magnification is the one between the
adaptive secondary and the wavefront sensor. Additional errors are due to small-scale
aberrations beyond the bandwidth of the wavefront sensor. These aberrations are
generated by multiple optical components, in particular the hologram used to shape the
reference wavefront when it enters the test bench, the turbulence plates and the dummy
secondary mirror used so far.

4.3 Infrared Tip/Tilt Cassegrain Science
Instrument

With the 6.5 m adaptive optics system, the new MMT
telescope is expected to resolve diffraction limited
images (greater than 80% Strehl ratio at 2.2 um),
approximately an order of magnitude better than
present seeing. This improved seeing capability along
with the larger light collecting area and low thermal
background required a new science instrument,
diffraction limited for the 1 to 5 pwm region. This
science instrument, the Arizona Infrared Imager and
Echelle Spectrograph (ARIES), is near completion and
will rapidly transition to a preliminary lab test phase.
ARIES consists of four cameras (optimized for plate
scales from 0.019 arcsec/pixel to 0.102 arcsec/pixel),
low resolution spectroscopy with grisms (A/AA from
250 to 500), high resolution spectroscopy with a cross-
dispersed Echelle grating (A/AA from 3,000 to 60,000)
and an atmospheric dispersion corrector. The cameras will provide simultaneous slit
viewing, differential imaging and two pixel sampling over the full wavelength band. Each

Figure 8: Completed ARIES
science instrument
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camera will operate with a 1024x1024 HgCdTe array optimized for the spectral region of
the camera. An infrared tip/tilt sensor is also incorporated into the instrument that will
relay natural guide star motion to the adaptive secondary in a closed-loop approach.

4.4  Status of the Sodium guide-star laser and projector system

The 6.5 m AO system is designed to work with a laser guide star. Optics and hardware
for the launch telescope for a sodium laser beacon have been fabricated and await
installation on the telescope. A selection for the laser itself has not yet been made. In
common with the entire AO community, we have found great difficulty in obtaining
quotes from industrial laser manufacturers for a laser that meets the demanded
specifications. At present, the best option is an offer from EOST Inc, to build the laser at
a cost of $1M, payable only on delivery of a tested system. A decision on whether to
proceed with this purchase is expected at the end of 2001.

4.5 Status of Software Development

We identified three areas of software development that required significant attention: 1)
Control algorithms; 2) AO System modeling; 3) Post-detection processing of AO images
and information.

We launched and completed an aggressive effort in this direction. It has been the
experience of many observatories that have undertaken implementation of AO systems
that the required level of effort in software development is greatly underestimated,
resulting in system commissioning. Our own experience with two previous prototype AO
instruments at the MMT gave us an excellent understanding of the software requirements.

The development of the control algorithms that take advantage of the explicit knowledge
of the shape of the deformable secondary was a considerable task. With our AO design,
the adaptive mirror has more mechanical degrees of freedom than are measured by the
WES. The control algorithms if not supplemented by additional information describing
the mirror shape would result in an unstable system. This significant hurdle was
overcome by the addition of capacitive sensors associated with each actuator on the
mirror. The combination of the control algorithms and capacitive sensors have allowed us
to address the practicalities of controlling modes of oscillation not sensed by the WEFS.

The second software task was to develop a model of the high resolution AO system.
Seeing has been measured extensively at a number of telescope sites around Tucson in
previous work, but there no standard mechanism in place to interpret the data and derive
the required system parameters. This was particularly important given the innovations
being incorporated into the high resolution concept, such as the multiple Rayleigh
beacons, which have not previously been tested in practice. That need has now been filled
by software packages that model the behavior of the 6.5 m AO system, and atmosphere
above the telescope.

Finally, there was an imminent and very real need to extract accurate photometry and
astrometry from images obtained with the MMT using AO. The requirements were to
implement an astronomer-friendly package for post-detection processing of AO images
which deals with data of variable SNR, and in which the PSF is not constant across the
field. Without such a package of software, physical interpretation of compensated images

4/20/01 12:53 PM 11




is extremely difficult. This proved a challenge, which the AO community as a whole
continues to tackle.

Figure 9: Two images of the center of globular cluster M13. Left - with adaptive optics at the MMT.
Right - after post-processing with the PSFCAL software developed at CAAO. To verify that the
software does not introduce artefacts into the data, the processed image has been compred with
images of the same region recorded by the Hubble Space Telescope.

Our efforts continue in the development of such a package based on a powerful non-
linear gradient descent algorithm which independently estimates the form of the
illuminating object in the sky, and the point-spread function of the telescope optics and
residual uncorrected atmospheric errors. Figure 9 shows the result of this post-processing
on an image of the globular cluster M13, originally recorded at the MMT using adaptive
optics with a sodium laser beacon. The AO system has already sharpened the image, but
the computer processing further separates the star images, revealing many more faint
objects that are then amenable to study.

5. Adaptive optics system integration and testing

In a critical test, the WFS subassembly was taken to the MMT and installed at the prime
focus of the unfinished telescope. There, it has recorded data on the real atmospheric
turbulence to be expected when the AO system is in full operation. In addition to the
wave-front data collected, the test has demonstrated the coordinated functionality of two
of the three critical components - the WFS itself, and the real-time control computer used
to drive it and record the data.

5.1 Dynamic control of subscale mirror prototype

To demonstrate all the key features of the adaptive secondary, many of which are novel,
and to develop expertise in the required construction techniques, a prototype adaptive
secondary mirror with 36 actuators (P36) was constructed. The most critical result from
the P36 testing has been to establish the algorithm needed to move the glass very rapidly.
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This must be done under exquisite control, at the level of a small fraction of a wavelength
of light.

The natural tendency of the continuous glass sheet to resonate uncontrollably is removed
by passive viscous damping provided by a 40 micron layer of air trapped between the
back of the shell and an adjacent thick reference body, carefully shaped to match the
curvature of the shell. The P36 prototype showed the need for a fully dynamic control
algorithm is not required, allowing a pseudo-static approach. A standard PID servo
controller with force feed forward is used to position each of the 336 actuators.

5.2 Implementation Schedule

The schedule in Table 2 indicates the latest estimation for implementation and testing of
the adaptive optics system at Steward Observatory and the 6.5m MMT facility in Fall
2001.

Table 2: AO System implementation on the 6.5m telescope

1st Quarter 2nd Quarter 3rd Quarter 4th
D Task Name Dec{ Jan I Feb | Mar | Apr I May [ Jun | Jul I Aug I Sep | Oct
1 Aspherical Integration and Test @ Steward E
2 Mirror Lab System Integration and Testing T
3 MMT Integration Preparation ) — I
4 MMT Integration
5  |MMTTesting O —
[]

6. Advanced Concepts Research

6.1 High Density AO System for Visible-Light Compensation.

The adaptive optics system described in Section 4 will provide wavefront compensation
to the diffraction limit of resolution in the near infrared. There is however much valuable
science to be done at shorter wavelengths, in the visible. In addition, military applications
of the system, such as high-resolution satellite imaging, and potentially power beaming
experiments, would be greatly enhanced by a visible-light. capability. To that end, a
program is underway to develop an inexpensive AO system with 10,000 controllable
elements which will extend diffraction-limited imaging to below 500 nm.

The approach is to use this high density system (HDS) as a second stage of wavefront
compensation after the adaptive secondary. Since the secondary removes all large scale
aberration, the HDS is left to clean up high frequency wavefront errors which have small
amplitude. The mirror actuators are therefore not required to have more than 2 microns of
stroke, and this is the key to the low cost.

The wave-front corrector for the HDS is a128x128 liquid crystal array, providing about
10,000 correcting elements over the circular illuminated region. The wave-front sensor is
a Mach-Zehnder interferometer, which measures phase directly within the small range of
phase errors (80 nm rms) remaining after correction by the adaptive secondary. Because
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the two outputs of the interferometer can be combined electronically to give a direct
measurment of the phase aberration, no digital reconstructor computer is required. The
WES output can be hard-wired to the liquid crystal phase corrector. This allows very fast
operation of the HDS, and further reduces cost.

‘Mach:Zehnder
‘Interferometer -

) e o o
LCD Phase
Modulafor

Figure 10: High density AO system for visible light compensation bench-top prototype

A prototype system has been constructed in the lab (figure 10). Initial open-loop
experiments with this system have demonstrated the feasability of the reconstructorless
AO system, and final full-speed closed loop tests are planned for April 2001.

6.2 Tomography with Multiple Rayleigh Guide Stars

We have proposed a new method for using Rayleigh laser guide stars to measure the 3-
dimensional structure of the atmospheric turbulence above the telescope. Such
measurements would open the way for multi-conjugate AO systems that would
enormously increase the corrected field-of-view of a telescope. In this technique, a
constellation of laser beacons would be created using pulsed UV lasers at around 350 nm.
Wavefront measurements recorded from these beacons would be analyzed in real time to
provide a tomographic view of the atmosphere.

A key feature of the technique is an opto-mechanical mechanism placed in the focal plane
of the telescope that moves very rapidly to maintain focus on the pulses of laser light as
they are flying away from the telescope at the speed of light. This allows much longer
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integration times than has hitherto been possible with Rayleigh beacons, so that bright
beacons can be created with relatively cheap low power lasers.

Work has begun on the
implementation of a single laser
demonstration unit at the MMT. The
dynamic refocusing mechanism,
constructed as a double ring of
titanium, is shown in figure 11. The
demonstrator is expected to be
operational by late summer 2001. In
parallel, software is being written to
perform the real-time tomographic
analysis. Using a model of the
atmosphere above Mt. Hopkins, we

have shown (figure 12) that a ring of . . .
five laser beacons is sufficient to Figure 11: Solid -model of the fesonz‘ltor used to drive
. . . the focal plane mirror. The mirror is attached to the
provide a field of view corrected to nub on the right. A magnet is fixed to the left hand
the diffraction limit of at least 2 ring. Current driven through an adjacent coil induces
arcminutes in diameter. For the near the left hand ring to oscillate like a loudspeaker. The
infrared, this provides a patch at least motion i.s mi.rrored by the right hand ring: The _
an order of magnitude larger than is mechanism is supported at the center, which remains

. . stationarv.
expected with an AO system using a
natural or single laser guide star.
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Figure 12: Strehl ratio versus field angle for the cases of a single deformable mirror, and two deformable
mirrors, driven on the basis of signals from a ring of five Rayleigh lasers on a 1 arcminute radius. In the case
with two DMs, using the tomographic atmospheric analysis, high Strehl ratio is preserved over a large field of view.
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7. Other work in progress

7.1  Very High Resolution Visible-Light Spectrograph

With wavefront compensation applied by an AO system, not only is imaging at high
spatial resolution possible, but so is high spectral resolution spectroscopy. This high
spectral resolution is key to our understanding of the physical processes at work in
astronomical events. High resolution spectrographs for visible light have been built in the
past, and such instruments have been used to make important discoveries, most notably
planets orbiting around other stars. But the addition of AO vastly improves a
spectrograph’s accuracy and scientific throughput.

An echelle spectrograph with spectral resolution of 200,000 has been constructed that
sees simultaneously the entire wavelength range from 400 to 1000 nm, in about 100
spectral orders. The instrument, called the Adaptively Compensated Echelle
Spectrograph or ACES, has been commissioned on the 2.5 m Hooker telescope on Mt.
Wilson, which incorporates a state-of-the-art AO system providing compensation down
to visible wavelengths.

Figure 13 shows a partial spectrum of the star Betelguise (o Ori) recorded during the
spectrograph’s commissioning. We are currently waiting for assigned time on the 35m
adaptive optics telescope at the Starfire Optical Range, Kirtland AFB. The instrument
will eventually move to the MMT, where it will take advantage of the HDS to become
the most powerful tool for astronomical spectral analysis in the world.

NOAO/IRAF V2.11EXPORT mak@focus.as.arizona.edu Wed 16:24:26 04-Apr—-20
[sstar2dc.ec[*,60]]: Belelgeuse 300. ap:131 beam:131

I I | I I |

O | L l i | L ]
58825 .5885 58875 589 58925 5895
Wavelength (microns)

Figure 13: Sodium features in Betelguise spectrum taken with ACES
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8. Publications and Outreach

CAADO scientists have been active in participation at internationally attended conferences.
Numerous papers (attached to this report) have been presented, with others scheduled for
publication in the refereed literature.

The research program continues to attract both graduate and undergraduate students of
high caliber. During the grant periods of performance, PhD degrees were awarded to a
growing list of scientists.

Two other PhD students from the departments of Astronomy and Optical Sciences are
currently doing research projects with the adaptive optics group.

A visiting scholar program implemented along with the program provided an excellent
source of visibility for CAAO within the international community. Positions have been
filled by Swiss, French and Italian scholars and engineers, who have developed critical
elements of the adaptive system including the algorithms required for dynamic control of
the AO system and high density deformable mirrors for visible-light compensation We
continue to receive requests from interested scholars in Europe, China, and South Korea.

Table 3: Graduates of the UA Adaptive Optics Program

PhD Recipient Year Graduated Present Employer

Troy Rhoadarmer 1999 Air Force Starfire
Adaptive Optics Facility

Major Robert Johnson 2001 Air Force Starfire
Adaptive Optics Facility

Thomas Roberts 2001 Jet Propulsion
Laboratory

Philip Hinz 2001 University of Arizona

Maud Langlois 2001 Durham University

Rhonda Morgan 2001 Jet Propulsion
Laboratory

As the optics community has become aware of our expertise in adaptive optics, and our
work on lightweight deformable optics, interest from industry has strengthened. We are
currently discussing plans with a number of major companies to exploit the technology
developed at CAAO for industrial application. We expect to develop systems for
improved satellite tracking, and for power beaming to geosynchronous communications
satellites.
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